Candida albicans had been thought to lack a mating process until the recent discovery of a mating typelike locus and mating between MTLa and MTL a a a a strains. To elucidate the molecular mechanisms that regulate mating in C. albicans , we examined the function of Cph1 and its upstream mitogen-activated protein (MAP) kinase pathway in mating, as they are homologues of the pheromone-responsive MAP kinase pathway in Saccharomyces cerevisiae . We found that overexpressing CPH1 in MTLa , but not in MTLa/ a a a a strains, induced the transcription of orthologues of S. cerevisiae pheromone-induced genes and also increased mating efficiency. Furthermore, cph1 and hst7 mutants were completely defective in mating, and cst20 and cek1 mutants showed reduced mating efficiency, as in S. cerevisiae . The partial mating defect in cek1 results from the presence of a functionally redundant MAP kinase, Cek2. CEK2 complemented the mating defect of a fus3 kss1 mutant of S. cerevisiae and was expressed only in MTLa or MTL a a a a , but not in MTLa/ a a a a cell types. Moreover, a cek1 cek2 double mutant was completely defective in mating. Our data suggest that the conserved MAP kinase pathway regulates mating in C. albicans . We also observed that C. albicans mating efficiency was greatly affected by medium composition, indicating the potential involvement of nutrient-sensing pathways in mating in addition to the MAP kinase pathway.
Introduction
Candida albicans is one of the most frequently isolated opportunistic fungal pathogens in humans, causing mucosal as well as systemic infections, especially in immunocompromised individuals. C. albicans strains isolated so far are almost exclusively diploid (Whelan and Magee, 1981) . In fact, C. albicans was thought to be asexual and lack a mating process until the recent discoveries of a mating type-like locus (MTL) and mating between strains carrying different types of the MTL (Hull and Johnson, 1999; Hull et al ., 2000; Magee and Magee, 2000) .
Cell types and the sexual cycle in many fungi are controlled by genes at a mating-type (MAT) locus. In Saccharomyces cerevisiae , there are two types of MAT loci, MAT a and MAT a . a cells carry the MAT a , a cells the MAT a , and the mating of an a cell with an a cell produces a diploid a / a cell, which contains both MAT a and MAT a loci (Herskowitz et al ., 1992) . The MAT a locus encodes the homeodomain protein a 1, whereas the MAT a contains the genes for the transcriptional regulators a 1 and a 2. a 1 can repress the expression of a -specific genes and activate the transcription of a -specific genes and, therefore, only a -specific genes are expressed in a cells. In diploid cells, a1 and a 2 form a heterodimer that can bind to specific DNA sequences upstream of many haploid-specific genes and repress the expression of the haploid-specific genes. Among the haploid-specific genes are those required for mating and an inhibitor of meiosis. Similar to S. cerevisiae , C. albicans contains an MTL that encodes proteins similar to a 1, a 1 and a 2. As in S. cerevisiae , the a 1 gene is encoded by the MTL a , and the a 1 and a 2 genes are encoded by the MTL a , which is located at the same position as the MAT a locus on the homologous chromosome (Hull and Johnson, 1999) . In addition, an a 1-a 2 transcriptional repression activity has been shown in C. albicans (Hull and Johnson, 1999) . The a 1-a 2 activity is dependent on a 1, which probably functions in a complex with a 2, as in S. cerevisiae (Hull and Johnson, 1999) .
Mating between compatible diploid C. albicans strains rendered haploid at the MTL locus has been reported (Hull et al ., 2000; Magee and Magee, 2000) . Hull et al . (2000) constructed MTL a and MTL a strains by deleting the MTL a or MTL a locus, and they reported mating between the MTL a and MTL a diploid strains in a mouse host. In a separate approach, Magee and Magee (2000) generated MTL a and MTL a diploid strains by growing C. albicans on sorbose. The MTL resides on chromosome 5 (Magee and Magee, 2000) , and chromosome 5 can be reduced to monosomy by selecting for cells that grow on sorbose (Janbon et al ., 1998) . Magee and Magee (2000) showed that mating of MTL a and MTL a cells could occur in vitro on growth medium at room temperature. The mating products contained genetic markers from both parents and were tetraploid in DNA content (Hull et al., 2000; Magee and Magee, 2000) .
Mating in many fungi is controlled by a receptor-coupled G protein and its downstream mitogen-activated protein (MAP) kinase pathway (Lengeler et al., 2000) . In S. cerevisiae, activation of the pheromone receptors Ste2 or Ste3 by the binding of pheromone causes dissociation of a heterotrimeric G protein subunit G a (encoded by GPA1) from the G bg subunits (encoded by STE4 and STE18). The G bg subunits then activate a MAP kinase cascade, which consists of Ste20 (a homologue of the mammalian serine/ threonine kinase p65 PAK ), Ste11 (a MEKK homologue), Ste7 (a MEK homologue) and the MAP kinases Fus3 and Kss1 (Elion, 2000; Breitkreutz et al., 2001; Sabbagh et al., 2001) . The activated MAP kinases induce the activation of the transcription factor Ste12 through the release of the inhibitory activity of Dig1,2 (Cook et al., 1996; Pi et al., 1997; Tedford et al., 1997; Bardwell et al., 1998; Olson et al., 2000) . Active Ste12 then induces the transcription of pheromone-responsive genes. Many components of the pheromone-responsive MAP kinase pathway, including Ste20, Ste11, Ste7, Kss1 and Ste12, are also important for invasive and filamentous growth in S. cerevisiae (Madhani and Fink, 1998a) . The homologues of these components in the MAP kinase pathway have been identified in C. albicans, and some have been shown to be involved in filamentous growth in certain media (Liu, 2001) . These include Cst20 (Ste20), Hst7 (Ste7), Cek1 (Kss1) and Cph1 (Ste12) (Liu et al., 1994; Kohler and Fink, 1996; Leberer et al., 1996; Csank et al., 1998) . C. albicans homologues for Gpa1 and Ste6 (transporter of a factor) also exist (Sadhu et al., 1992; Raymond et al., 1998) . More recently, the C. albicans genome project has identified additional orthologues of genes in the pheromone-responsive MAP kinase pathway. These include putative genes for pheromone receptors and the G bg subunits, and orthologues of pheromone-inducible genes important for mating (such as FIG1 and FUS1) (Tzung et al., 2001) . The existence of these orthologues in C. albicans raised the question whether the conserved pheromone-responsive MAP kinase pathway also controls mating in C. albicans. (Cook et al., 1996; Pi et al., 1997; Tedford et al., 1997; Bardwell et al., 1998) . Overexpression of Ste12 also allows the transcription of pheromone-inducible genes in the absence of MAP kinase activation, probably by competing with Dig1,2 and other inhibitors that would otherwise be bound to Ste12 (Olson et al., 2000) . The Dig1,2-binding domains have been mapped to a central region of Ste12 and the DNA-binding domain of Ste12, and the regions are conserved between Ste12 and Cph1. This sequence conservation suggests that the mechanism of Ste12 activation may be shared by Cph1. Therefore, to activate Cph1, we used a CPH1 overexpression construct, PCK1p-CPH1 (Lane et al., 2001a) . CPH1 transcripts were not detectable by Northern blotting in wild-type cells, but were detectable in cells carrying the PCK1p-CPH1 construct and grown in succinate (Lane et al., 2001b) . To examine whether Cph1 plays a role in activating the transcription of mating-related genes in C. albicans, we obtained MTLa and MTLa strains of wild type and MTLa with PCK1p-CPH1 by selecting for variants that grow on plates with sorbose as the sole carbon source (Janbon et al., 1998) . The transcripts of CaFUS1 and CaFIG1, orthologues of S. cerevisiae pheromone-inducible genes, were almost undetectable by Northern blotting in MTLa, MTLa and MTLa/a cells. But their expression was highly induced by CPH1 overexpression in MTLa cells (Fig. 1A) . Interestingly, the expression of these two genes was not induced by CPH1 overexpression in MTLa/a cells (Fig. 1A) . Therefore, Cph1 can induce the transcription of CaFUS1 and CaFIG1 in a cell type-dependent manner. It is possible that, as with pheromone-inducible genes in S. cerevisiae, CaFUS1 and CaFIG1 transcription is also under repression by a1-a2.
CPH1 overexpression increases mating efficiency in C. albicans
To test for mating, MTLa his1 arg4 cells were mixed with . The mixed cells were incubated on SC + succinate plates at room temperature for 6 days and then replicated onto minimal medium to select for the growth of prototrophs. C. FACS analysis of the DNA content of the parental strain CAI4 and a prototrophic conjugant JYC14 from the mating of JYC6 and JYC4. Both saturated and log phase cultures were used. The y-axis indicates cell count, and the x-axis represents DNA content in arbitrary units.
MTLa ura3 cells and, after 6 days of incubation at room temperature, successful mating was detected by selecting for prototrophs on medium lacking histidine, arginine and uridine (Fig. 1B, right) . Many more prototrophic colonies appeared when one of the parent strains carried PCK1p-CPH1 (Fig. 1B, left) . The prototrophs resulted from mating because any of the parent strains alone did not give prototrophic colonies (data not shown), and fluorescenceactivated cell sorting (FACS) analysis indicated a shift in DNA content from 2n in a parent strain to 4n in a prototrophic isolate (Fig. 1C) .
Mating efficiency varied on the different media that were tested (Table 1) . But, under all conditions tried, the strain carrying PCK1p-CPH1 mated at a higher efficiency than the wild-type control. The degree of increase in mating efficiency correlated with conditions known to induce the PCK1 promoter.
Cph1 and components of the Cek1 MAP kinase pathway are required for mating in C. albicans
As CPH1 overexpression increased mating efficiency in C. albicans, we tested whether Cph1 and components of the Cek1 MAP kinase pathway were required for mating. Mutants of the MAP kinase pathway, cph1, cek1, hst7 and cst20, have been shown to affect filamentous growth on solid Spider medium (Liu et al., 1994; Kohler and Fink, 1996; Leberer et al., 1996; Csank et al., 1998) . Here, we isolated MTLa and MTLa strains of these mutants by selecting for the loss of a homologue of chromosome 5 on sorbose-containing medium. The MTLa Ura -strains of these mutants were mated with a MTLa His -Arg -strain carrying PCK1p-CPH1, and prototrophs were selected. No prototrophs were obtained on any of the media tested when one of the parents was cph1 or hst7 ( Fig. 2 ; Table 2 ). The defect in mating was rescued by transforming CPH1 or HST7 back into the respective mutants (JYC18 ¥ JYC16 and JYC17 ¥ JYC16; data not shown). Therefore, Cph1 and Hst7 are required for mating in C. albicans. This is similar to the requirement of Ste7 and Ste12 for mating in S. cerevisiae. MTLa cst20 produced fewer prototrophs than wild type on all media tested ( Fig. 2; Table 2 ), suggesting a reduced mating efficiency. The partial defect of cst20 in mating is similar to the observation that ste20 mutants in certain S. cerevisiae strains are not completely defective in mating (Leberer et al., 1993 ). An MTLa cek1 mutant also gave many fewer prototrophs than the wild type ( Fig. 2 ; Table 2 ), suggesting that Cek1 is involved in mating. However, unlike cph1 and hst7, the cek1 mutation did not block mating completely. This raised the possibility that two functionally redundant MAP kinases, as in the case of Fus3 and Kss1 in S. cerevisiae, function in the same mating MAP kinase pathway in C. albicans.
Cloning of CEK2, a FUS3 homologue
From an oligonucleotide probe-based screen of a C. albicans genomic library for MAP kinases and cyclindependent kinases (Chen et al., 2000) , we cloned a gene for a MAP kinase gene whose predicted protein is 60% identical to Cek1, 53% identical to Fus3 and 49% identical to Kss1. The gene was designated CEK2. An alignment of the Cek2 amino acid sequence with those of Fus3, Kss1 and Cek1 is shown in Fig. 3A .
To test whether Cek2 is a functional homologue of Fus3, CEK2 was cloned into a yeast expression vector and transformed into a fus3 kss1 strain of S. cerevisiae. The mating defect of fus3 kss1 was complemented by CEK2 (Fig. 3B) , suggesting that Cek2 is indeed a Fus3 homologue. This is in contrast to Cek1, which did not complement a fus3 kss1 mutant of S. cerevisiae (Whiteway et al., 1992) .
Cek1 and Cek2 have overlapping functions in mating of C. albicans
Northern analysis of CEK1 and CEK2 expression in C. albicans indicated that both genes are regulated at the transcription level by Cph1. CPH1 overexpression induced the expression of CEK1 and CEK2 in MTLa cells, but not in MTLa/a cells (Fig. 5A ). This pattern of transcriptional activation by Cph1 is very similar to that of other Cph1-induced genes (Fig. 1A) . CPH1 overexpression also induced CEK2 expression in MTLa cells (data not shown). Although both CEK1 and CEK2 were induced by CPH1 Numbers shown are the number of prototrophic colonies observed on minimal medium from one mating experiment. In the experiment, aliquots of the same mating mixtures JYC4 (a his1 arg4 PCK1p-CPH1) ¥ JYC6 (a ura3) and JYC2 (a his1 arg4) ¥ JYC6 (a ura3) were plated on various mating media, as indicated in the top row, and incubated at room temperature for 6 days. The exact number of prototrophic colonies on each plate varied from one experiment to another, but the effects of various media on mating efficiency were similar in all experiments. Glu, glucose; SA, succinic acid; Man, mannitol. JYC4 (WT) was mated with JYC6 (WT), JYC7 (cst20), JYC8 (hst7 ), JYC10 (cek1), JYC12 (cek2), JYC13 (cek1 cek2) and JYC9 (cph1) on various media at room temperature for 6 days and then replicated onto minimal medium to select for prototrophs. The WT mating efficiency is defined as 1. The mating percentage for each mutant strain was calculated by dividing the number of prototrophic colonies from the mutant by the number of prototrophic colonies from the WT control on the same medium.
overexpression in a similar way, they showed different patterns of basal expression. CEK2 RNA was only seen in MTLa and MTLa strains, but was not detectable in MTLa/a strains. In contrast, the level of CEK1 basal expression seemed to be low and flat in all three cell types.
To investigate whether Cek1 and Cek2 function in parallel in mating, we deleted CEK2 from C. albicans (Fig. 4) . MTLa/a cek2 strains did not have any defect in hyphal development on Spider and other hyphal-inducing media (not shown), consistent with the lack of detectable CEK2 expression in MTLa/a. We then converted the MTLa/a cek2 mutant to MTLa cek2 by growth on sorbosecontaining medium. When incubated with a MTLa strain, the MTLa cek2 strain showed reduced mating efficiency under several growth conditions compared with a wild-type strain ( Fig. 5B ; Table 2 ). The mating defect in cek2 was not as severe as that in the cek1 mutant. To test whether the partial mating defect in cek1 and cek2 single mutants resulted from a functional overlap between Cek1 and Cek2, we constructed several independent strains of a MTLa cek1 cek2 double mutant by deleting CEK2 in a MTLa cek1 strain. We found that all MTLa cek1 cek2 strains generated failed to mate on any of the media tested ( Fig. 5B; Table 2 ). The mating defect was rescued by reintroducing CEK1 into the MTLa cek1 cek2 strain (JYC19 ¥ JYC16; data not shown). Thus, as in the case of Fus3 and Kss1, both Cek2 and Cek1 function in the same protein kinase cascade that regulates mating in C. albicans. A wild-type S. cerevisiae MATa strain (top), YM107 (MATa kss1 fus3) carrying pVTUCEK2 (middle) and YM107 carrying the vector pVT102U (bottom) were grown as patches on YEPD medium (left, before mating) and mated to a lawn of MATa cells by replica plating. After incubating for 4 h at 30∞C on YEPD medium, a minimal medium was used to select for the growth of diploid cells (right, after mating). (6) JYC3 (MTLa/a PCK1p-CPH1); (7) JYC4 (MTLa PCK1p-CPH1); (8) JYC15 (MTLa/a) were grown in SC + succinate at 30∞C. RNA was extracted, and the Northern blot was hybridized with CEK2 and CEK1 probes. An ACT1 probe was used as a control. The exposure times for these probes were 2 days for CEK1, 10 h for CEK2 and 3 h for ACT1. B. cek1 cek2 is defective in mating. JYC4 (MTLa PCK1p-CPH1) was mixed with JYC6 (MTLa), JYC13 (MTLa cek1 cek2), JYC10 (MTLa cek1) and JYC12 (MTLa cek2) on YEPD plates at room temperature for 6 days and replicated to minimal medium plates.
Discussion
The pheromone-responsive MAP kinase pathway regulates mating in many fungi, including S. cerevisiae, Schizosaccharomyces pombe, Cryptococcus neoformans and Ustilago maydis (Lengeler et al., 2000) . As with these fungi, the MAP kinase pathway also regulates mating in C. albicans. We showed that Hst7 and Cph1 are essential for mating, Cek1 and Cek2 have redundant functions in mating, and Cst20 is partially required for mating. The levels of their requirement in mating are parallel to that of their homologues in S. cerevisiae. Furthermore, the cell type-dependent transcriptional activation by Cph1 also resembles the haploid-specific induction of pheromoneresponsive genes by Ste12. Therefore, the MAP kinase pathway in C. albicans probably functions in a similar way to the pheromone-responsive MAP kinase pathway in S. cerevisiae (Fig. 6) . Recently, the C. albicans Genome Sequencing Project has identified genes encoding putative pheromone receptors, G bg subunits and proteins involved in pheromone processing (Tzung et al., 2001) . Data presented in the accompanying paper by Magee et al. (2002) suggest that C. albicans probably uses similar methods of pheromone processing as S. cerevisiae. Based on the evolutionary conservation among fungi, it is likely that the conserved MAP kinase pathway in C. albicans is also regulated by pheromone via a pheromone receptor-coupled G protein, although the function of the potential pheromone receptors and G proteins in mating awaits to be addressed experimentally. Our data show that Cst20, Hst7, Cek1, Cek2 and Cph1 of the MAP kinase pathway are necessary for mating in C. albicans (Fig. 6 ). This provides another case in which the same MAP kinase pathway is used by a fungal pathogen for its mating, filamentation and virulence, as has been shown in the human fungal pathogen C. neoformans and in the maize pathogen U. maydis (Madhani and Fink, 1998b; Lengeler et al., 2000) . These fungi may have adopted the conserved mating MAP kinase pathway to regulate other processes as they adapt to unique environmental challenges.
Although mating in S. cerevisiae is predominantly regulated by pheromone via the pheromone-responsive MAP kinase pathway, mating in S. pombe and C. neoformans is also regulated by a cAMP-mediated protein kinase pathway in response to nutrient starvation signals (Lengeler et al., 2000) . For example, in S. pombe, either nitrogen starvation or glucose starvation is necessary to induce mating. Somewhat similar to S. pombe and C. neoformans, we also observed an influence of medium composition on mating between wild-type MTLa and MTLa cells (Table 1 , second row). Most strikingly, mating was completely inhibited on SC + glucose. We also observed that mating efficiency on all media tested dropped sharply if cells were mated for less than 6 days (not shown). The prolonged growth on mating media may allow C. albicans to use up nutrients and thus create a starvation condition. Interestingly, Lee's + mannitol was the most effective medium for mating among the media tested, and it is also the best medium for hyphal development. Pathways important for hyphal development in this medium, such as the cAMP pathway, are likely to regulate mating as well. All these data suggest that mating in C. albicans is not only regulated by the MAP kinase pathway, but also by a nutrient-sensing pathway (Fig. 6) . In addition to medium composition, growth temperature is also an important determinant for mating in C. albicans, suggesting the potential existence of yet another regulatory input for mating in C. albicans.
Experimental procedures

Construction of MTLa and MTLa strains
Candida albicans MTLa or MTLa strains were isolated by streaking the MTLa/a strains on YEPS (yeast extractpeptone + 2% sorbose) medium and incubating the plates at 37∞C for 1 week (Janbon et al., 1998; Magee and Magee, 2000) . DNA from Sou + colonies was extracted and analysed by polymerase chain reaction (PCR) with the primer pairs for MTLa and MTLa as described previously (Magee and Magee, 2000) . Cells that have lost MTLa were designated as MTLa cells and vice versa. Both MTLa and MTLa strains were obtained from CAI4 and its derivatives, but only MTLa strains were found from BWP17 and its derivatives. The MTLa and MTLa strains used for mating are listed in Table 3 . Most MTLa and MTLa strains were generated by selection for Sou + on YEPS, and their corresponding progenitors are listed. Some MTLa and MTLa strains were obtained by transformation as follows. JYC13 was obtained by two rounds of transformation of JYC10 with pBSKhUhCEK2᭝ digested with SacI plus KpnI (this study). JYC2 was generated from JYC1 by transformation with AscI-digested BES119 (Feng et al., 1999) . JYC3 was generated from BWP17 by transformation with AscI-digested PCK1p-CPH1 (HLp565) (Lane et al., 2001a) . JYC16 was generated from JYC4 by transformation with EcoRI-digested MPA r (pAFI.3) (Staib et al., 1999) . JYC17 was created from JYC8 by transformation with BamHI-digested ADHp-HST7 (TPB1-ADH-HST7) for integration at the ADH1 promoter (Leberer et al., 1996) . JYC18 was obtained by transforming JYC9 with BspEI-digested CPH1 (pHL222) (Liu et al., 1994) . JYC19 was obtained by transforming JYC13 with PstI-digested CEK1 (pCCa3) (Csank et al., 1998) .
Cloning and construction of CEK2 plasmids and strains
A plasmid (pBSZS2) carrying CEK2 on an 8.4 kb BamHI fragment was isolated in a screen for MAP kinases by lowstringency hybridization with degenerate primers (Chen et al., 2000) . The CEK2 gene was sequenced and submitted to GenBank, and the GenBank accession number is AF058915. A 1.2 kb PCR fragment of full-length CEK2 was subcloned into pVT102U (Vernet et al., 1987) digested with BamHI plus XhoI to generate the plasmid pVTUCEK2. In this plasmid, CEK2 is under the control of the ADH1 promoter of S. cerevisiae. The PCR primers used for CEK2 subcloning are 5¢-GTCGGATCCCCATGAAGAAATTTACTGGCCCC and 5¢-GTCCTCGAGTTACGACATGACTATTTCG. pVTUCEK2 was transformed into YM107 (MATa kss1::hisG fus3::TRP1 ura3-52 his3::hisG leu2::hisG trp1::hisG) (Madhani et al., 1997) for the complementation assay.
To construct cek2::hisG-URA3-hisG(pBSKhUhCEK2D), the 4 kb ScaI-BamHI fragement of hisG-URA3-hisG from pCUB6 (Fonzi and Irwin, 1993) was first inserted into pBluescript SK+ digested with EcoRV plus BamHI, generating the plasmid pBSKhUh. 5¢ and 3¢ regions of the CEK2 gene were amplified with PCR primers (A1) 5¢-GTCGAGCTCATTGAT GCCTCACCGCCTCA and (A2) 5¢-GCTGGATCCGTAACG TACGAAGACAG; and (A3) 5¢-GCTAGATCTCGTGGTC GAGACCAAGTG and (A4) 5¢-GTCGGTACCAGGAGGAT TGTCTGCTGTG, respectively. The 5¢ region was subcloned into pBSKhUh between the SacI and BamH1 sites, and the 3¢ region between the KpnI and BamHI sites, generating the plasmid pBSKhUhCEK2D. The pBSKhUhCEK2D DNA was digested with SacI plus KpnI and transformed into C. albicans to obtain a cek2 deletion. The insertion of hisG-URA3-hisG at CEK2 was confirmed by both PCR and Southern blotting (Fig. 4) , and the resulting cek2::hisG-URA3-hisG Ura + cells were grown on 5-fluoroorotic acid to select for the loss of URA3. The Ura -cek2/CEK2 cells were transformed with the SacI plus KpnI-digested pBSKhUhCEK2᭝ to obtain cek2/ cek2 strains.
Mating assay of C. albicans
Candida albicans mating was performed as described by Magee and Magee (2000) . MTLa and MTLa strains were streaked onto YEPD medium and grown at room temperature for 2-3 days. The MTLa and MTLa cells were then resuspended in distilled water, 10
6 MTLa cells were mixed with 10 6
MTLa cells, and the cells were plated onto different solid media and incubated at room temperature for 6 days. The cells were then replicated onto selective medium SC-4 (synthetic complete medium-uridine, -Trp, -His, -Arg). The plates were incubated at room temperature for 3-5 days to allow prototrophs to grow. Media used for mating included: YEPD (YEP + 2% glucose), YEPSA (YEP + 0.074 M succinic acid, pH 6.5) (Stoldt et al., 1997) , SC + succinate (SC + 0.074 M succinate acid, pH 6.5) (Lane et al., 2001a) , SC + 2% glucose, Lee's + 2% glucose (Lee et al., 1975 ) and Lee's + 2% mannitol (Loeb et al., 1999) . To detect mating between prototrophic strains and mycophenolic acid (MPA)-resistant auxotrophic strains, YNB (yeast nitrogen base without amino acids) medium containing 1 mg ml -1 MPA was used to select for successful mating after 6 days at room temperature on YEPD. Prototrophic MPA r colonies were visible after 7 days of incubation on the YNB + MPA medium.
Other techniques
Northern blotting analysis was performed as described previously (Chen et al., 2000) . PCR products were used for probing Northern blots. The primers used to generate the probes were 5¢-CTGGCCCCACTCAAACTCGCCAAG and 5¢-GGAGGGGACAGGGTTGAACAGTG for CEK2, 5¢-GGAGAAGGAGCATATGGAATAG and 5¢-CTACAACAAC TACCAAGCCCAACC for CEK1, 5¢-GCTCTCCAAATGC GAGCCCTACT and 5¢-GGGAACCAAGCCGATATCCAGAG for CaFUS1 (orf 6.3131), 5¢-CTTGGATGTATAGATACT TCATCA and 5¢-GCTCTACCACCTCTTGTACCAATC for CaFIG1 (orf6.3476) (Tzung et al., 2001) . The ClaI-SalI ACT1 fragment from plasmid p1595/3 (Delbruck and Ernst, 1993) was used as the probe for ACT1.
FACS analysis was performed as described by Hazan et al. (2002) .
